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PROGRAMMABLE CURRENT MIRROR 

CROSS-REFERENCE TO RELATED 
APPLICATION 

This application is based upon and claims priority under 
35 USC §119 from the following co-pending U.S. provi 
sional patent applications, each of Which is incorporated 
herein by this reference, in its entirety and for all purposes: 
“Single-ended Zero Static Phase Offset Phase Locked 
Loops,” Serial No. 60/264,563, ?led Jan. 26, 2001; “Mul 
tistage Programmable Current Mirrors,” Serial No. 60/264, 
628, ?led Jan. 26, 2001; “Single-ended Zero Static Phase 
Offset Phase Locked Loops,” Serial No. 60/266,009, ?led 
Feb. 2, 2001; “Pseudo-differential Zero Static Phase Offset 
Phase Locked Loops,” Serial No. 60/316,702, ?led Aug. 31, 
2001; and “Multistage Programmable Current Mirrors,” 
Serial No. 60/316,703, ?led Aug. 31, 2001. 

TECHNICAL FIELD 

The present invention relates to current mirrors, and more 
particularly to programmable current mirrors. 

BACKGROUND OF THE INVENTION 

Current mirrors are used Widely in analog and electric 
circuit design. Simple current mirrors are con?gured to 
produce an output current (IO) that is a ?Xed ratio of a 
reference current (IR). The reference current is received by 
a reference transistor having an associated Width-to-length 
ratio The gate of the reference transistor is connected 
to the gate of a mirror transistor having a Width-to-length 
ratio The applied reference current determines the 
gate voltage arising at the reference transistor, Which in turn 
is passed to the gate of the mirror transistor. The gate voltage 
on the mirror transistor in turn determines the magnitude of 
the output current draWn by the mirror transistor. In such an 
arrangement, the reference current and output current are 
related by the folloWing: 

In general, the factor by Which the reference current is 
multiplied (i.e., W M/W R) may be referred to as the mirroring 
parameter of the current mirror. Selecting a reference tran 
sistor and a mirror transistor With speci?c Width-to-length 
ratios sets the mirroring parameter and thus the relationship 
betWeen the reference and output current. 

Post-design control over the mirroring parameter is pos 
sible through use of programmable current mirrors, Which 
provide programmable variation of the ratio betWeen the 
output current and the reference current. Typically, instead 
of a single transistor on the mirror (output) side, a program 
mable current mirror utiliZes a linear array of mirror tran 
sistors Wired in parallel and connected gate-to-gate. A 
sWitching mechanism is associated With one or more of the 
mirror transistors, in order to selectively activate and deac 
tivate the transistor, and thereby control Whether current is 
permitted to ?oW through the transistor. In such 
con?gurations, WM in the above equation becomes the sum 
of the individual Width-to-length ratio(s) of the activated 
mirror transistors, such that operation of the sWitching 
mechanism alloWs for some degree of control over the 
mirroring parameter. Because the mirror transistors are 
coupled in parallel, the output current is the sum of the 
currents ?oWing through the individual activated mirror 
transistors. 
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2 
It typically is desirable for a programmable current mirror 

design to provide a large range of operation and high 
resolution. A current mirror having a large range of opera 
tion is capable of a large range of programmable variation 
over the ratio of the output current to the reference current; 
While a current mirror With a high resolution is capable of 
making such variations in many small steps. Designing 
programmable current mirrors With high resolution and a 
large operational range While keeping the physical realiZa 
tion of the device small has proven to be particularly 
dif?cult. In order to increase resolution, previous designs 
have sacri?ced range, While attempts to increase range have 
led to sacri?ces in resolution. In many cases, attempts to 
improve performance in either or both of these areas has 
undesirably increased the physical realiZation of the circuit 
in eXisting current mirrors. 

SUMMARY OF THE INVENTION 

Aprogrammable current mirror is provided. According to 
one aspect of the invention, the programmable current 
mirror includes a reference system con?gured to receive a 
reference current and a mirror system operatively connected 
to the reference system and con?gured to output an output 
current that is based on the reference current. The relation 
ship betWeen the reference current and the output current is 
described by a mirroring parameter. The reference system 
includes a plurality of transistor groups, each transistor 
group being con?gured to alter the mirroring parameter via 
programmable variation of a dimensional parameter associ 
ated With the transistor group. Variations to the mirroring 
parameter produced by one of the transistor groups are 
scaled relative to variations produced by another of the 
transistor groups. According to another aspect of the 
invention, the reference system and/or mirror system is 
provided With a multistage con?guration. According to yet 
another aspect of the invention, the programmable current 
mirror is con?gured to provide inverse linear programma 
bility. 

BRIEF DESCRIPTION OF THE DRAWINGS 

FIG. 1 is a block diagram of a programmable current 
mirror. 

FIG. 2 depicts an inverse programmable current mirror. 
FIG. 3 depicts another inverse programmable current 

mirror, having a non-programmable transistor leg. 
FIG. 4 depicts a rational programmable current mirror. 
FIG. 5 is a block diagram of a multistage programmable 

current mirror according to the present invention. 
FIG. 6 depicts a rational multistage programmable current 

mirror according to the present invention. 
FIGS. 7—9 depict further current mirror embodiments 

providing non-inverse, inverse and rational programmabil 
ity. 

FIG. 10 depicts another multistage programmable current 
mirror according to the present invention, in Which the 
reference side of the mirror is coupled to the mirror side via 
an intermediate tap. 

FIG. 11 depicts another multistage programmable current 
mirror according to the present invention, including an 
additional sWitching mechanism con?gured to alloW selec 
tive bypass of current mirror stages. 

FIG. 12 depicts a cascode arrangement that may be 
implemented With the programmable current mirrors of the 
present invention. 

DETAILED DESCRIPTION OF THE 
INVENTION 

FIG. 1 is a block diagram of current mirror 10. Current 
mirror 10 includes a reference system 12 and a mirror 



US 6,462,527 B1 
3 

system 14. The reference system is con?gured to receive a 
reference current 16 (IR). The mirror system is operatively 
connected to the reference system and is con?gured to 
produce an output current 18 (IO) that is based on the 
reference current. The output current may be determined by 
the following equation, Where M is the mirroring parameter 
of the current mirror: 

As indicated by the above equation, the magnitude of the 
output current is dependent upon the mirroring parameter 
and the magnitude of the reference current. Therefore, the 
relationship betWeen the output current and the reference 
current is de?ned by the mirroring parameter. As Will be 
described beloW With respect to various illustrative embodi 
ments of the present invention, the mirroring parameter may 
be programmably varied to control the relationship betWeen 
the reference current and output current. 

Typically, the mirroring parameter is a quotient in Which 
the dividend (i.e., numerator) is a dimensional parameter 
associated With the mirror system and the divisor (i.e., 
denominator) is a dimensional parameter associated With the 
reference system. The dimensional parameter associated 
With the reference system typically is de?ned by the Width 
to-length ratio(s) of transistor(s) included in the reference 
system. On the mirror (output) side of the system, the 
dimensional parameter typically is de?ned by the Width-to 
length ratio(s) of transistor(s) included in the mirror system. 
In most semiconductor processes, linear changes in transis 
tor length typically do not produce corresponding linear 
changes in conducted current, and therefore the mirror and 
reference systems are usually con?gured With transistors of 
equivalent length. In such cases, the relative Width-to-length 
ratio of a given transistor is determined by its Width. In this 
setting, differing Width-to-length ratios may be achieved by 
providing transistors of different Widths or by combining 
different numbers of transistors having the same Width. 

In the current mirrors of the present invention, program 
mable variation of the mirroring parameter may be imple 
mented by varying the dimensional parameter associated 
With the reference system, the dimensional parameter asso 
ciated With the mirror system, or both. The nature of the 
programmability may be de?ned in terms of the particular 
Way that the mirroring parameter is varied. As Will be 
eXplained in more detail beloW, embodiments that alter the 
mirroring parameter through variation of only the mirror 
side dimensional parameter may be referred to as non 
inverse programmable current mirrors. Embodiments con 
?gured to alter the mirroring parameter through variation of 
only the reference side dimensional parameter may be 
referred to as inverse programmable current mirrors. Where 
both the reference side and mirror side dimensional param 
eters are varied, the current mirror may be referred to as a 
rational programmable current mirror. 

In the current mirrors of the present invention, the mir 
roring parameter may be increased by increasing the dimen 
sional parameter associated With the mirror system and/or 
decreasing the dimensional parameter associated With the 
reference system. Similarly, the mirroring parameter may be 
decreased by increasing the dimensional parameter associ 
ated With the reference system and/or decreasing the dimen 
sional parameter associated With the mirror system. Varia 
tions to either the reference side or mirror side dimensional 
parameter may be provided in linear increments. Embodi 
ments providing linear increments to the reference side 
dimensional parameter may be referred to as providing 
inverse linear programmability, due to the linear variation 
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4 
occurring in the denominator of the mirroring parameter. 
Similarly, embodiments providing linear increments to the 
mirror side dimensional parameter are knoWn as non-inverse 
linear programmable current mirrors, due to the linear 
variation occurring in the numerator of the mirroring param 
eter. Alternatively, either or both sides of the system may be 
con?gured to provide non-linear variations to the respective 
components of the mirroring parameter. 

FIG. 2 shoWs an exemplary embodiment of an inverse 
programmable current mirror 20. Current mirror 20 is con 
?gured to vary the reference side dimensional parameter. As 
indicated, the reference system of current mirror 20 includes 
a transistor group having programmable transistor legs 22, 
24, and 26, While the mirror system includes a ?Xed tran 
sistor leg 40. Transistor legs 22, 24 and 26 respectively 
include transistors 28, 32 and 36, While mirror side leg 40 
includes transistor 42. The Width-to-length ratio of each 
transistor typically de?nes the Width-to-length ratio of the 
corresponding transistor leg. Throughout this speci?cation, 
the Width-to-length ratio of a transistor, and thus its corre 
sponding transistor leg, is denoted by a capital W folloWed 
by the reference number of the transistor leg. For instance, 
the Width-to-length ratio of transistor leg 22 is denoted as 
W22. As explained beloW, transistor legs 22, 24 and 26 may 
be selectively activated and deactivated. HoWever, it Will be 
appreciated that When all three legs are activated, the ref 
erence side dimensional parameter is the sum of the Width 
to-length ratios of transistors 28, 32, and 36, due to the 
parallel coupling of the respective transistor legs. The 
dimensional parameter associated With the mirror system is 
the Width-to-length ratio of transistor 42. 

Programmable transistor legs 22, 24, and 26 respectively 
include sWitching mechanisms 30, 34, and 38. Typically, 
each sWitching mechanism is a sWitching transistor, 
although other suitable sWitching mechanisms may be used. 
The various sWitching mechanisms typically are controlled 
through application of a control Word. In many 
implementations, the states of the individual sWitching 
mechanisms are controlled by a single bit Within a multi-bit 
control Word. Upon application of the control Word, each 
sWitching mechanism either fully activates or deactivates the 
transistor leg associated With that sWitching mechanism. For 
eXample, a three-bit digital control Word may be used to 
control the depicted system. Applying such a control Word 
With a value of “010” to sWitching mechanisms 30, 34, and 
38 causes programmable transistor legs 22 and 26 to deac 
tivate and programmable transistor leg 24 to activate. 
When a given programmable transistor leg is activated, 

the sWitching mechanism contributes a small resistance but 
does not change the amount of current ?oWing through the 
programmable transistor leg. In the depicted embodiment, 
selectively activating and deactivating the legs varies the 
collective Width-to-length ratio of the transistor system 
through Which the reference current ?oWs. In other Words, 
activation and deactivation of the reference legs varies the 
reference side dimensional parameter. This in turn varies the 
gate voltage Which is passed to transistor 42. The gate 
voltage, together With the Width-to-length ratio of transistor 
42, determines the amount of output current draWn by 
transistor 42. 
From the above, it Will be appreciated that activation of a 

given reference leg varies the mirroring parameter, due to 
the variation this produces in the reference side dimensional 
parameter. The effect on the mirroring parameter produced 
by activating a given reference leg typically varies With the 
siZe (e.g., Width) of the corresponding transistor, relative to 
the other transistors. As discussed beloW With respect to 
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various other embodiments of the invention, gain techniques 
and structures may also be implemented to scale the relative 
effects of activating a given transistor or group of transistors. 

Still referring to FIG. 2, as indicated above, selective 
activation and deactivation of the programmable transistor 
legs varies the reference side dimensional parameter. 
Speci?cally, the reference side dimensional parameter is the 
sum of the Width-to-length ratios of the activated reference 
side transistor legs. Typically, the individual Width-to-length 
ratios are scaled according to a binary series (e.g., transistors 
With relative Widths of 1W, 2W, 4W, etc.), though other 
con?gurations are possible. Binary scaling on the reference 
side is convenient because it facilitates providing inverse 
linear programmability. An inverse linear programmable 
current mirror is useful When high resolution is required as 
the output current groWs smaller. For eXample, if: 

then the mirroring parameter may be reduced to: 

and, therefor; 

Where the value of n typically is determined by application 
of a three bit digital control Word, as shoWn beloW in Table 
1: 

TABLE 1 

Digital Control 
Word n M 

000 O 1/0 
001 1 1/1 
010 2 1/2 
011 3 1/3 
100 4 1/4 
101 5 1/5 
110 6 1/6 
111 7 1/7 

As an alternative to the above arrangement, a 
thermometer-encoded control Word may be used in connec 
tion With multiple transistor legs having equal Width-to 
length ratio. In such a case, assuming each programmable 
leg has a Width-to-length ratio equal to W40, the value of n 
from the above eXample could still be varied linearly from 
0 to 7 by using the thermometer-encoded control Word to 
control the number of activated transistors. Activating tran 
sistors causes n to equal 0, activating one transistor cause n 
to equal 1, activating tWo transistors causes n to equal 2, and 
so on. Thermometer encoding is When a monotonically 
changing current is needed even though process non 
uniformities may cause the Width-to-length ratios to deviate 
from their designed targets. Thermometer encoding, digital 
encoding, and the other control Word techniques discussed 
herein may be applied to any of the embodiments of the 
present invention. 

Operation of a current mirror When every transistor leg of 
the reference system is deactivated may not be useful. As 
described above, the divisor of the mirroring parameter 
typically is the dimensional parameter associated With the 
reference system, Which in turn is the sum of the Width-to 
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6 
length ratios of each activated transistor leg of the reference 
system. If no transistor legs are activated, the sum is Zero 
and the mirroring parameter is an unde?ned value. FIG. 3 
shoWs an embodiment of the present invention con?gured to 
prevent situations Where the mirroring parameter is unde 
?ned. Current mirror 44 includes a ?Xed transistor leg 46 
con?gured for persistent activation. Fixed transistor leg 46 
typically does not include a sWitching mechanism or alter 
natively includes a sWitching mechanism that is alWays 
activated. Therefore ?Xed transistor leg 46 is not responsive 
to a control Word. As a result, the Width contribution from 
the ?Xed transistor leg prevents the mirroring parameter 
from being an unde?ned value. In addition, the ?Xed tran 
sistor leg may be used to alter the mirroring parameter 
and/or the coding of a control Word. For eXample, a ?Xed 
transistor leg may be used to effectively add n=1, 2, 3, etc. 
to the control Word. It should be understood that When n=0 
the output current Will be large, but may be limited by 
circuits outside of the mirror. 

FIG. 4. shoWs a programmable current mirror in Which 
the reference system and the mirror system both include 
programmable transistor legs. In many implementations, it 
Will be desirable to scale the transistor legs according to a 
binary series. For eXample, if: 

then the mirroring parameter may be reduced to: 

Where the values of m and n are typically determined by 
application of a siX bit digital control Word as shoWn beloW 
in Table 2: 

TABLE 2 

Last Three Bits of O O O O 1 1 1 1 
Digital Control Word 0 O 1 1 O O 1 1 

O 1 O 1 O 1 O 1 
m 0 1 2 3 4 5 6 7 

First Three Bits of 
Digital Control Word n M 

000 O 0/1 1/1 2/1 3/1 4/1 5/1 6/1 7/1 
001 1 O/2 1/2 2/2 3/2 4/2 5/2 6/2 7/2 
010 2 O/3 1/3 2/3 3/3 4/3 5/3 6/3 7/3 
011 3 0/4 1/4 2/4 3/4 4/4 5/4 6/4 7/4 
100 4 O/5 1/5 2/5 3/5 4/5 5/5 6/5 7/5 
101 5 O/6 1/6 2/6 3/6 4/6 5/6 6/6 7/6 
110 6 O/7 1/7 2/7 3/7 4/7 5/7 6/7 7/7 
111 7 O/S 1/8 2/8 3/8 4/8 5/8 6/8 7/8 

It should be understood that any number of transistor legs 
may be used in either the reference system or the mirror 
system. The number of transistor legs in the reference 
system may be the same as or different than the number of 
transistor legs in the mirror system. 

Control Words used to control a current mirror as 
described above typically include one bit for every program 
mable transistor leg included in the current mirror. HoWever, 
it should be understood that more than one control Word may 
be used to control a current mirror con?gured in accordance 
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With the present invention. For example, one control Word 
mat be reference system While another control Word controls 
the mirror system. In another example, one control Word 
may control one transistor group of the reference system 
While another control Word controls another transistor group 
of the reference system. Plural control Words may also be 
used to control plural transistor groups of the mirror system. 
A control Word may also include extra bits that do not 
control activation of a transistor leg. It should also be 
understood that other control mechanisms are possible. For 
example, thermometer encoding may be used as discussed 
above With reference to FIG. 2. 
As discussed above, control over the mirroring parameter 

may be achieved by con?guring a current mirror With 
transistor legs of various Width-to-length ratios. In addition, 
the gate voltages of the various transistors may be scaled to 
vary the relative effect on the mirroring parameter produced 
by activating the transistors. In this Way, tWo transistor legs 
With the same Width-to-length ratio may draW different 
amounts of current, and as a result, upon selective activation, 
alter the mirroring parameter by different factors. In other 
Words, individual transistor legs may have an effective 
Width-to-length ratio that is in?uenced by voltage and/or 
current scaling features employed in the circuit design. The 
effective Width-to-length ratio may be thought of as the 
actual Width-to-length ratio that Would be required to pro 
duce the same effects to the mirroring parameter Were 
voltage/current scaling not used. The effective Width-to 
length ratio may be smaller or larger than that actual 
Width-to-length ratio. Gate voltages may be scaled for 
individual transistor legs or groups of transistor legs. The 
current mirror embodiments of the present invention Which 
employ these scaling features may be referred to as multi 
stage programmable current mirrors, as Will be explained 
beloW. 

FIG. 5 is a block diagram depicting a multistage current 
mirror 64 according to the present invention. As With the 
previous embodiments, current mirror 64 includes a refer 
ence and mirror systems each have subsystems Which typi 
cally include one or more sWitchable transistor legs as 
described above. As before, the relationship betWeen the 
output current and the reference current is de?ned by 
mirroring parameter M. Current mirror 64 additionally 
includes a gain feature, Which enables the system to scale 
effects upon the mirroring parameter produced through 
operation of the various different reference and mirror 
subsystems. 

Speci?cally, reference system 66 includes gain circuit 74 
that is operatively connected to reference subsystems 76 and 
78. Gain circuit 74 is con?gured to relatively scale the 
effects on the mirroring parameter produced through opera 
tion of the programmable mechanisms associated With the 
tWo reference subsystems. Typically, this is implemented by 
scaling the gate voltages so that the gate voltage applied to 
reference subsystem 76 differs from that applied to sub 
system 78. 

Designing inverse multistage systems such as that shoWn 
in FIG. 5 is signi?cantly complicated by feedback effects 
occurring on the reference side of the system. The portion of 
the reference current draWn through the transistors of ref 
erence subsystem 78 affects the gate voltage of those tran 
sistors. The gate voltage on subsystem 78 in turn affects the 
gate voltage on subsystem 76 via operation of gain circuit 
74, Which in turn affects the current draWn by subsystem 76. 
Variation of the current through subsystem 76 affects the 
portion of the reference current draWn through 78. In other 
Words, applying the reference current to the reference sys 
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8 
tem produces effects at the individual reference subsystems 
(i.e., gate voltages), and these effects are not independent of 
one another. To the contrary, the subsystem gate voltages 
affect each other, Which affects the portion of the reference 
current ?oWing through each subsystem, Which affects the 
gate voltages, and so on. Each reference subsystem in?u 
ences operation of the other reference subsystems. By 
contrast, on the mirror (output) side 68, the gate voltages 
produce effects (i.e. draWn currents) Which are substantially 
independent of one another, as explained beloW. 

Referring still to FIG. 5, although reference system 66 is 
depicted With one gain circuit 74 and tWo reference sub 
systems (76 and 78), it should be understood that any 
number of gain circuits and/or reference subsystems may be 
used in accordance With the present invention. Gain circuits 
typically scale the effect of the subsystems by scaling the 
gate voltages on either side of the gain circuit to thereby 
scale the portion of the reference current draWn by the 
subsystems. Because of this gain effect, a transistor leg 
included in subsystem 76 may alter the mirroring parameter 
by a different amount than a transistor leg included in 
subsystem 78, even Where the tWo transistor legs have the 
same Width-to-length ratio. Gain effects Will of course also 
occur Where the tWo transistor legs have different Width-to 
length ratios. In this case, the different effect upon the 
mirroring parameter arises due to differences in the device 
geometry, and due to scaled biasing conditions caused by 
operation of the gain circuit. 

Mirror system 68 includes a gain circuit 80 that is 
operatively connected to mirror subsystem 82 and 84. Simi 
lar to gain circuit 74, gain circuit 80 is con?gured to scale 
the effects that programmable variation of the mirror sub 
system has on the mirroring parameter. It should be under 
stood that any number of gain circuits and/or mirror sub 
systems may be used in accordance With the present 
invention. Similarly, it should be understood that tWo or 
more gain circuits may be operatively connected and inter 
posed betWeen any tWo subsystems just as any tWo or more 
subsystems may be operatively interposed betWeen tWo gain 
circuits. 

Multistage con?gurations on the mirror side typically do 
not produce the feedback complications that can occur on 
the mirror side With inverse multistage con?gurations. 
Referring speci?cally to mirror system 68, the gate voltage 
applied to subsystem 82 determines the amount of current 
draWn by the transistor(s) in that subsystem. Subsystem 84 
receives a reduced gate voltage, via operation of gain circuit 
80. This reduced gate voltage means that the maximum 
amount of current that can be draWn by subsystem 84 is less 
than the maximum amount of current that can be draWn by 
subsystem 82, assuming the groups have equivalent overall 
Width-to-length ratios. HoWever, the current draWn by sub 
system 82 does not affect the gate voltage applied to 
subsystem 84, and thus does not affect the current draWn by 
subsystem 84. The independence betWeen the effects pro 
duced by the different gate voltages (i.e., draWn currents) 
simpli?es the mirror side design. 

FIG. 6 shoWs another illustrative embodiment of the 
present invention. The depicted programmable current mir 
ror includes gain circuits con?gured to scale effects pro 
duced upon the mirroring parameter by programmable varia 
tion of transistor groups. The mirror system includes plural 
transistor groups, tWo of Which are depicted as 86 and 88, 
and an interposed gain circuit 90. Alternatively, the mirror 
system may include any appropriate number of transistor 
groups and gain circuits. Typically, as indicated, each adja 
cent pair of transistor groups has an associated interposed 
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gain circuit, such as gain circuit 90, though other con?gu 
rations may be employed. In many cases, it Will be desirable 
that the different transistor groups are identical to one 

another, although it may be useful to implement transistor 
groups having different con?gurations. 

Gain circuit 90 operates to scale the gate voltages of 
transistor group 88 relative to the gate voltages of transistor 
group 86, Which in turn scales the currents that are draWn 
through the groups in response to sWitching operations. In 
the depicted embodiment, gain circuit 90 includes tWo ?xed 
current mirrors, though other gain devices and methods may 
be used to improve accuracy. In gain circuit 90, transistor 92 
pulls a current Which mirrors the current ?oWing through an 
equivalently siZed active transistor leg in transistor group 
86. Transistors 94 and 96 act as a current mirror, so that the 
current ?oWing through transistor 96 is some ?xed ratio of 
that ?oWing through transistor 92, and therefore a ?xed ratio 
of the current ?oWing through transistor group 86. Transistor 
98 acts as the reference side of a second current mirror for 
transistor group 88 so that the current pulled by any acti 
vated transistor leg of transistor group 88 is a ?xed ratio of 
the current pulled by the analogous activated transistor leg 
of transistor group 86. The net result is that transistor group 
88 may pull a factor less current than transistor group 86, 
even if transistor groups 86 and 88 are sWitched to states in 
Which they have identical collective Width-to-length ratios. 

In FIG. 6, the reference system includes plural transistor 
groups, tWo of Which are depicted as 100 and 102, and an 
interposed gain circuit 104. As With the mirror side, the 
depicted con?guration is intended to be illustrative only, and 
many other con?gurations are possible. Gain circuit 104 
operates similar to gain circuit 90, in order to scale the gate 
voltages experienced at transistor groups 100 and 102. 
Typically, gain circuits 90 and 104 are implemented as 
gain-reducing devices so as to scale doWn the gate voltages 
and associated currents from the levels existing at reference 
side transistor group 100 and mirror side transistor group 86. 
Speci?cally, gain circuit 104 typically is con?gured so that 
the gate voltages on group 102 are loWer than the gate 
voltages on group 100. Similarly, gain circuit 90 typically is 
con?gured so that the gate voltages on group 88 are loWer 
than the gate voltages on group 86. 

Typically, each transistor group Will include three tran 
sistor legs, Which each include a sWitching mechanism and 
a transistor. HoWever, it should be understood that any 
number of transistor legs may be used Within a given 
transistor group. The transistor groups are associated With a 
dimensional parameter that may be described by the sum of 
the Width-to-length ratio(s) of each activated transistor leg in 
that transistor group. Each group also has an effective 
dimensional parameter due to the operation of the gain 
circuits. The number of transistor legs included in the 
current mirror determines hoW many programmable varia 
tions are possible and therefore by hoW many steps the 
numerator and denominator of the mirroring parameter may 
be varied. In other Words, increasing the number of transis 
tor legs increases the resolution and/or range of the pro 
gramming capability of the current mirror. Use of gain 
circuits, as described above, alloWs for large range, high 
resolution programmability Without requiring a large range 
in device siZes. 

FIG. 7 shoWs a multistage linear programmable current 
mirror 114. The mirror system of current mirror 114 includes 
three transistor groups, each With three binary scaled tran 
sistor legs. Connected betWeen adjacent transistor groups 
are gain circuits, each con?gured to step the current doWn by 
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10 
a factor of eight. The transistors of current mirror 114 are 
scaled as folloWs: 

In the depicted embodiment, if N is a nine bit control 
Word, the most signi?cant bit of Which controls the sWitch 
ing mechanism of transistor leg 118, and the least signi?cant 
bit of Which controls the sWitching mechanism of transistor 
leg 134, and so on for the intermediate bits, then the 
mirroring parameter may be reduced to: 

and, therefor 

Thus, a programmable current mirror as depicted may 
provide a total of nine bits of resolution. In such a 
con?guration, the largest transistor is only four times the 
siZe of the smallest transistor. An equivalent single-stage 
programmable current mirror Would require the largest 
transistor to be 256 times the siZe of the smallest. The 
physical realiZation of a current mirror of the present 
embodiment is considerably smaller than a single-stage 
current mirror With nine bits of resolution and a similar 
range of operation. It should be understood that additional 
bits of resolution may be added to current mirror 114 by 
adding additional gain circuits and/or transistor groups, and 
that such additions Will not exponentially increase the physi 
cal siZe of the current mirror. 

FIG. 8 shoWs a multistage inverse linear programmable 
current mirror 136 in accordance With the present invention. 
The reference system of current mirror 136 includes three 
transistor groups, each With three binary scaled transistor 
legs. Connected betWeen adjacent transistor groups are gain 
circuits, each con?gured to step the current doWn by a factor 
of eight. The transistors of current mirror 136 are scaled as 
folloWs: 

In the depicted embodiment, if N is a nine bit control 
Word, the most signi?cant bit of Which controls the sWitch 
ing mechanism of transistor leg 140, and the least signi?cant 
bit of Which controls the sWitching mechanism of transistor 
leg 156, and so on for the intermediate bits, then the 
mirroring parameter may be reduced to: 

and, therefore: 

6 

As With the system of FIG. 7, the system shoWn in FIG. 
8 provides nine bits of resolution, but With the programma 
bility affecting the denominator of the mirroring parameter. 
Also similar to the system of FIG. 7, the largest transistor is 
only four times the siZe of the smallest transistor, alloWing 
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for a relatively small physical realization of the circuit. 
Additional bits of resolution may be added as desired by 
adding gain circuits and/or transistor groups. 

High resolution, rational programmable current mirrors 
may be constructed by combining multistage programmable 
mirror systems With multistage programmable reference 
systems. For example, the mirror system of current mirror 
114 may be combined With the reference system of current 
mirror 136 to produce an eighteen bit multistage rational 
programmable current mirror, as shoWn in FIG. 9. Despite 
the high resolution, the largest transistor of such a current 
mirror is just four times the siZe of its smallest transistor. 
Furthermore, additional resolution may be achieved by 
adding additional gain circuits and/or transistor groups to the 
mirror system, the reference system, or both. 

The range of operation, as Well as the resolution, of 
current mirrors constructed in accordance With the present 
invention may be increased by adding additional gain cir 
cuits and/or transistor groups to the mirror system, the 
reference system, or both. In particular, current mirrors 
including multistage programmable mirror and reference 
systems typically have a desirably large range of operation 
and a desirably high resolution. These advantages are 
obtained in the present invention Without large physical 
realiZations of the implementing circuits. 

FIG. 10 shoWs a current mirror 158 in accordance With the 
present invention in Which the mirror system is operatively 
connected to the reference system via a tap interposed 
betWeen adjacent transistor groups in the reference system. 
In particular, the connection is at a tapping point 160 of 
intermediate signi?cance. It should be understood that other 
connection locations and mechanisms may be used. Chang 
ing the location at Which the mirror system connects to the 
reference system changes the mirroring parameter. For 
eXample, assuming a transistor con?guration identical to 
current mirror 136 shoWn in FIG. 8 and described above, 
current mirror 158 Will have a mirroring parameter that may 
be reduced to: 

and, therefore: 

3 

If instead the connection Was to a least signi?cant tap 162, 
the mirroring parameter Would be reduced to: 

and, therefore: 

Therefore, the mirroring parameter is dependent on tran 
sistor siZing, activation, and scaling as Well as the tap 
location at Which the mirror system is connected to the 
reference system. Moreover, the tap position may be actively 
sWitched in response to a control Word. To achieve a desired 
mirroring parameter, it should be understood that siZing, 
scaling (gain), and/or tap position may be changed. 
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FIG. 11 shoWs a current mirror 164 in accordance With the 

present invention. Similar to the other embodiments 
described above, current mirror 164 may be programmably 
varied to alter the relationship betWeen the reference current 
and output current. In particular, if current mirror 164 is 
implemented With the same transistor con?guration as cur 
rent mirror 136 of FIG. 8, then the mirroring parameter of 
current mirror 164 may be reduced to: 

and, therefore: 

When N is programmed to a small number, the upper 
signi?cant bits Will be turned off and the corresponding 
transistor legs Will be deactivated. In the depicted 
embodiment, When N<26, transistor group 166 Will be 
deactivated. When N<23, both transistor groups 166 and 168 
Will be deactivated. In such cases, it is useful to bypass the 
deactivated transistor groups altogether by the action of 
sWitches 170 and 172. Bypassing the more signi?cant tran 
sistor groups reduces the voltage at the node Where the 
reference current enters the current mirror, Which makes the 
circuit practical for small to large values of N. The bypass 
sWitches for the control groups may be controlled by various 
mechanisms including a thermometer code derived from a 
binary representation of the bits of a control Word. The 
thermometer code may be incorporated into the control Word 
used to activate and deactivate transistor legs or may be 
included in a separate code Word of the same or a different 
type. In particular, the thermometer code may be included in 
a non-digital code Word. Without the mechanism shoWn in 
FIG. 11, situations could occur Where relatively large gate 
voltages Would have to be applied to group 166 to drive the 
current mirror. Speci?cally, referring back to FIG. 8, assum 
ing that no transistors in the right-most transistor groups are 
activated, obtaining an appropriate gate voltage at transistors 
152, 154 and 156 Would require a relatively large gate 
voltage at transistor 140, due to operation of the tWo 
depicted gain-reducing stages. The con?guration shoWn in 
FIG. 11 addresses this by alloWing selective bypass of 
unused transistor groups, so as to bypass operation of 
unneeded gain circuitry. 

The programmable current mirrors of the present inven 
tion may be provided With cascoded current mirrors and 
current sources. FIG. 12 depicts a simple eXample of this 
approach in a setting providing non-inverse programmabil 
ity. Speci?cally, programmable mirror 174 includes tWo 
diode-connected transistors 176 and 178 coupled in cascode 
fashion on the reference side of the mirror. The output side 
includes multiple sWitchable legs, such as sWitchable leg 
180, Which includes corresponding cascoded devices 182 
and 184. The depicted design may be further eXtended to 
include three or more devices coupled in cascode fashion. 
These cascode con?gurations may be applied to any of the 
previously described embodiments of the present invention. 
Such cascode con?gurations may be employed to improve 
accuracy in various current mirror applications. 
The current mirrors depicted in the previously described 

embodiments are constructed primarily from NMOS 
devices, though it Will be appreciated that other semicon 
ductor devices may be employed. For eXample, in the 
depicted examples, NMOS transistors may be eXchanged for 
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PMOS transistors, and vice versa. Typically, such a modi 
?cation Will also require switching the various circuit con 
nections to the positive supply V55 and negative supply Vdd. 

While the present invention has been particularly shoWn 
and described With reference to the foregoing preferred 
embodiments, those skilled in the art Will understand that 
many variations may be made therein Without departing 
from the spirit and scope of the invention as de?ned in the 
folloWing claims. The description of the invention should be 
understood to include all novel and non-obvious combina 
tions of elements described herein, and claims may be 
presented in this or a later application to any novel and 
non-obvious combination of these elements. Where the 
claims recite “a” or “a ?rst” element or the equivalent 
thereof, such claims should be understood to include incor 
poration of one or more such elements, neither requiring nor 
excluding tWo or more such elements. 

I claim: 
1. Aprogrammable current mirror con?gured to produce 

an output current based on an applied reference current, 
Where the output current is a product of the reference current 
and a mirroring parameter, the programmable current mirror 
comprising: 

a reference system con?gured to receive the reference 
current; and 

a mirror system operatively connected to the reference 
system and con?gured to output the output current, 

Where the reference system includes a plurality of tran 
sistor groups, each transistor group being con?gured to 
selectively vary the mirroring parameter via control of 
current ?oWing Within the transistor group, 

and Where at least one of the transistor groups is opera 
tively connected to a gain circuit con?gured to scale 
effects upon the mirroring parameter produced by such 
transistor group relative to another of the transistor 
groups. 

2. The programmable current mirror of claim 1, Where 
each transistor group includes a sWitching mechanism con 
?gured to vary a dimensional parameter associated With the 
transistor group, and Where variation of the dimensional 
parameter alters the mirroring parameter. 

3. The programmable current mirror of claim 2, Where 
each transistor group includes plural transistor legs coupled 
in parallel, each transistor leg including a transistor With a 
Width-to-length ratio, each transistor leg being con?gured 
for selective activation via the sWitching mechanism of the 
transistor group, and Where activation of the transistor leg 
alters the dimensional parameter associated With the tran 
sistor group. 

4. The programmable current mirror of claim 3, Where the 
dimensional parameter associated With each transistor group 
is a sum of the Width-to-length ratios of each activated 
transistor leg Within the transistor group. 

5. The programmable current mirror of claim 3, Where at 
least one of the transistor groups includes transistors With 
differing Width-to-length ratios. 

6. The programmable current mirror of claim 3, Where at 
least one of the transistor groups includes transistors With 
binary scaled Width-to-length ratios. 

7. The programmable current mirror of claim 3, Where the 
sWitching mechanism includes plural sWitching transistors, 
each sWitching transistor con?gured to selectively activate a 
corresponding transistor leg. 

8. The programmable current mirror of claim 7, Where 
each sWitching transistor is responsive to a bit of a control 
Word. 

9. The programmable current mirror of claim 2, Where the 
sWitching mechanism is controlled via application of a 
digital control Word. 
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10. The programmable current mirror of claim 2, Where 

the sWitching mechanism is controlled via application of a 
thermometer-encoded control Word. 

11. The programmable current mirror of claim 1, Where 
the gain circuit includes at least one current mirror. 

12. The programmable current mirror of claim 1, Where 
the gain circuit is operatively interposed betWeen adjacent 
transistor groups. 

13. The programmable current mirror of claim 1, Where 
the reference system includes a ?Xed transistor leg con?g 
ured for persistent activation. 

14. The programmable current mirror of claim 1, Where 
the mirror system is operatively connected to the reference 
system via a tap interposed betWeen adj acent transistor 
groups included in the reference system. 

15. The programmable current mirror of claim 14, Where 
the tap connects to the reference system at a tapping location 
that is selectively controllable via operation of a sWitching 
mechanism. 

16. The programmable current mirror of claim 1, Where at 
least one of the transistor groups may be selectively 
bypassed via operation of a bypass sWitch. 

17. The programmable current mirror of claim 1, Where at 
least one transistor group includes a transistor leg having 
plural transistors coupled in a cascode con?guration. 

18. Aprogrammable current mirror con?gured to produce 
an output current based on an applied reference current, 
Where the output current is a product of the reference current 
and a mirroring parameter, the programmable current mirror 
comprising: 

a reference system con?gured to receive the reference 
current; and 

a mirror system operatively connected to the reference 
system and con?gured to output the output current, 

Where the reference system includes a plurality of tran 
sistor groups, each transistor group including a sWitch 
ing mechanism con?gured to vary a dimensional 
parameter associated With the transistor group, 

Where variation of the dimensional parameter alters the 
mirroring parameter by a factor, 

and Where at least one transistor group is operatively 
connected to a gain circuit con?gured to scale the factor 
corresponding such transistor group. 

19. The programmable current mirror of claim 18, Where 
each transistor group includes plural transistor legs coupled 
in parallel, each transistor leg including a transistor With a 
Width-to-length ratio, each transistor leg being con?gured 
for selective activation via the sWitching mechanism of the 
transistor group, and Where activation of the transistor leg 
alters the dimensional parameter associated With the tran 
sistor group. 

20. The programmable current mirror of claim 1, Where at 
least one transistor group includes a transistor leg having 
plural transistors coupled in a cascode con?guration. 

21. Aprogrammable current mirror con?gured to produce 
an output current based on an applied reference current, 
Where the output current is a product of the reference current 
and a mirroring parameter, the programmable current mirror 
comprising: 

a reference system con?gured to receive the reference 
current; and 

a mirror system operatively connected to the reference 
system and con?gured to output the output current, 

Where the reference system includes a plurality of tran 
sistor groups, each transistor group being con?gured to 
alter the mirroring parameter via programmable varia 
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tion of a dimensional parameter associated With the 
transistor group, 

and Where alterations to the mirroring parameter produced 
by one of the transistor groups are scaled relative to 
alterations produced by another of the transistor 
groups. 

22. The programmable current mirror of claim 21, Where 
each transistor group includes a sWitching mechanism con 
?gured to vary the dimensional parameter associated With 
the transistor group. 

23. The programmable current mirror of claim 22, Where 
each transistor group includes plural transistor legs coupled 
in parallel, each transistor leg including a transistor With a 
Width-to-length ratio, each transistor leg being con?gured 
for selective activation via the sWitching mechanism of the 
transistor group, and Where activation of the transistor leg 
alters the dimensional parameter associated With the tran 
sistor group. 

24. The programmable current mirror of claim 22, Where 
the sWitching mechanism is controlled via application of a 
control Word. 

25. The programmable current mirror of claim 24, Where 
the control Word is thermometer encoded. 

26. The programmable current mirror of claim 25, Where 
the transistor groups include transistor legs With equivalent 
Width-to-length ratios, and that are controlled in response to 
application of the thermometer encoded control Word. 

27. The programmable current mirror of claim 24, Where 
the control Word is digitally encoded. 
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28. The programmable current mirror of claim 27, Where 

the transistor groups include a plurality of transistor legs 
having Width-to-length ratios that are scaled according to a 
binary series. 

29. The programmable current mirror of claim 21, Where 
the gain circuit includes at least one current mirror. 

30. The programmable current mirror of claim 21, Where 
the mirror system is operatively connected to the reference 
system via a tap interposed betWeen adjacent transistor 
groups included in the reference system. 

31. The programmable current mirror of claim 30, Where 
the tap connects to the reference system at a tapping location 
that is selectively controllable via operation of a sWitching 
mechanism. 

32. The programmable current mirror of claim 21, further 
comprising a bypass sWitch con?gured to enable selective 
bypass of one or more deactivated transistor groups. 

33. The programmable current mirror of claim 21, Where 
the mirror system is con?gured to enable programmable 
variation of the mirroring parameter. 

34. The programmable current mirror of claim 33, Where 
the mirror system includes a plurality of transistor groups, 
each transistor group being con?gured to alter the mirroring 
parameter via programmable variation of a dimensional 
parameter associated With the transistor group. 

35. The programmable current mirror of claim 21, Where 
at least one transistor group includes a transistor leg having 
plural transistors coupled in a cascode con?guration. 

* * * * * 


